Deficits in neuronal inhibition via gamma-aminobutyric acid (GABA) type A receptors (GABAA-Rs) are implicated in the pathophysiology of major depressive disorder and the therapeutic effects of current antidepressant treatments, however, the relevant GABAA-R subtype as defined by its alpha subunit is still unknown. We previously reported anxiety-and depressive-like behavior in alpha2+/− and alpha2−/− mice, respectively (Vollenweider, 2011) . We sought to determine whether this phenotype could be reversed by chronic antidepressant treatment. Adult male mice received 4 or 8 mg/kg fluoxetine or 53 mg/kg desipramine in their drinking water for four weeks before undergoing behavioral testing. In the novelty suppressed feeding test, desipramine had anxiolytic-like effects reducing the latencies to bite and to eat the pellet in both wild-type and alpha2+/− mice. Surprisingly, 4 mg/kg fluoxetine had anxiogenic-like effects in alpha2+/− mice increasing latency to bite and to eat while 8 mg/kg fluoxetine increased the latency to eat in both wild-type and alpha2+/ − mice. In the forced swim and tail suspension tests, chronic desipramine treatment increased latency to immobility in wild-type and alpha2−/− mice. In contrast, chronic fluoxetine treatment increased immobility in alpha2−/− mice in both tasks while generally having no effect in wild-type mice. These findings suggest that in preclinical paradigms of anxiety and behavioral despair the antidepressant-like effects of desipramine are independent of alpha2-containing GABAA-Rs, while a reduction in alpha2 expression leads to an increased sensitivity to anxiogenic-and prodepressant-like effects with chronic fluoxetine treatment, pointing to a potential role of alpha2-containing GABAA-Rs in the response to serotonin-selective antidepressants.
1. Introduction
Major depressive disorder and its treatment
Major depressive disorder (MDD) has been identified as a major global health problem, as despite the currently available therapeutics the World Health Organization (WHO) considers depression the leading cause of disability worldwide based on total years lost due to disability [1, 2] . Current monoamine-based antidepressants provide long-term relief in only 50% of patients, and chronic treatment (weeks to months) is needed prior to the onset of clinical improvement [3] . While current antidepressant drugs modulate monoamine neurotransmission, it is widely accepted that the molecular mechanisms contributing to depression are more complex and certainly not limited to functional alterations in monoamine systems [4] . The roles of other neurotransmitter systems and signaling molecules in MDD and its treatment have begun to be elucidated to identify novel targets for the treatment of depression. [7] . Based on both clinical and preclinical evidence, the GABAergic deficit hypothesis of MDD has been proposed [8] . GABA is the major inhibitory neurotransmitter in the central nervous system, and it regulates fast synaptic inhibition in the brain through its ionotropic type A receptor [9] [10] [11] . GABA A receptors (GABA A Rs) are formed by the assembly of five subunits, divided into subclasses based on sequence homology, including α1-6, β1-3, γ1-3, δ, ε, θ, and ρ1-3 [12] . Alterations in expression of specific GABA A R subunits are found in the hippocampus and cortex of mice exposed to stress (a factor in the development of depression), as well as in the cortex of depressed patients following suicide [13] [14] [15] [16] .
Preclinical behavioral studies employing genetically modified mice have begun to delineate the role of specific GABA A R subtypes in depression and its treatment. In particular, global heterozygous knockdown of the GABA A R γ2 subunit (γ2+/−) leads to functional deficits in GABA A R signaling [17] , as well as anxiety-and depressive-like behaviors in addition to hyperactivation of the HPA axis [18, 19] . While chronic treatment with the noradrenergic-selective reuptake inhibitor desipramine (DMI) and the serotonin-selective reuptake inhibitor fluoxetine (FLX) have anxiolytic-like effects, the depressive-like behaviors and somatic changes are reversed following chronic treatment with DMI, but not FLX in γ2+/− mice [18] . These studies provide further evidence that alterations in GABA A R function may be involved in the development of depression-like behavior, and suggest that alterations in GABA A R function may reduce responsiveness to the antidepressant-like effects of serotonin-but not noradrenergic-selective therapeutics in some behavioral tasks. The potential involvement of a GABAergic mechanism in the antidepressant-like effects of FLX has also been demonstrated in vitro. Therapeutically relevant concentrations of FLX increase excitation of GABAergic interneurons in rat hippocampal slices [20] , while the more potent metabolite norfluoextine has been shown to positively modulate recombinant GABA A Rs at therapeutically relevant concentrations [21] . Furthermore, the antidepressant-like action of FLX in the FST is enhanced by pretreatment with muscimol (a GABA A R agonist) and blocked by pretreatment with the GABA A R antagonist bicuculline [22] .
As GABA A Rs are typically classified by their α subunits, and γ2 subunits are found in 90% of GABA A Rs, these findings as well as the studies utilizing muscimol and bicuculline did not provide information on which specific GABA A R subtypes (as defined by α subunits) might be involved in the circuitry mediating depression and its treatment. Our laboratory previously reported that similar to γ2+/− mice, global knockout of the GABA A R α2 subunit gene (α2KO) results in anxietyand depressive-like phenotypes [23, 24] , suggesting that α2-containing GABA A Rs may not only be related to anxiety-like, but also depressionlike behavior. However, it is important to note that the depressive-like behaviors reported in [23] were not always observed in the current studies, presumably due to different experimental conditions and/or experimenters. As the antidepressant-like effects of chronic DMI but not FLX are detected in γ2+/− mice, we hypothesized that genetic inactivation of α2-containing GABA A Rs might also alter the action of serotonin-but not noradrenergic-selective antidepressants in preclinical tasks of behavioral despair.
Methods

Animals
All experiments were approved by the McLean Hospital Institutional Animal Care and Use Committee and in accordance with the National Research Council of the National Academies Guide for the Care and Use of Laboratory Animals (Eight edition, 2011). Male wild type (α2+/+), heterozygous (α2+/−) knockout, and homozygous (α2−/−) knockout mice were generated from α2+/− x α2+/− breedings on the 129×1/SvJ background as described previously [23] (origin: RCC Fuellinsdorf, Switzerland). Mice were biopsied for genotyping and ear tagged at 3 weeks of age. Subjects were housed 2-5 per cage (Part#10219ZF-GA, Lab Products, Seaford, DE) with food (Purina Lab Diet 5P76, PMI Nutrition International, Brentwood, MO) and water provided ad libitum. For the behavioral experiments, mice were transferred from the colony to a housing room on a reverse light-dark cycle (12:12 h, lights on at 7PM). Mice habituated to the light cycle over the course of 5 weeks (including 4 weeks of drug treatment) before behavioral testing was conducted (during the dark phase). Subjects were 10-12 weeks of age at the time of behavioral testing.
Drugs
Fluoxetine hydrochloride (FLX, Spectrum: Gardena, CA) and desipramine hydrochloride (DMI, Santa Cruz Biotechnology: Dallas, TX) were administered through the drinking water throughout the course of the study. The drug dosages for FLX and DMI were selected based on previous findings utilizing GABA A R γ2+/− mice raised in the same substrain of mice [18] , as research has demonstrated that different strains of mice have varying responses to the same dose of an antidepressant [25] . FLX and DMI doses were calculated based on the average daily liquid intake of cages over one week, and the average weight of the mice in each cage on day 1 of drug dosing. Vehicle treated mice received water. As FLX is light sensitive, all bottles (FLX, DMI, and vehicle) were wrapped in aluminum foil to protect the FLX and ensure that all drugs were delivered in a similar manner. Drinking water was replaced on a weekly basis, or when a leak was detected.
Behavioral tests
Behavioral testing began 28 days following chronic drug treatment. Novelty suppressed feeding (NSFT), forced swim test (FST), tail suspension test (TST), and open field were performed on the same cohorts of mice during the dark phase of the daily light cycle following standard protocols previously described in [23] . To limit stress to the mice, tests were separated by 4 days. During the data collection and scoring of all behavioral tests, the experimenters were blinded to the genotype (but not the drug group) of the mice.
Given multiple variables (drug and genotype), it was challenging to examine all three genotypes in each behavioral test (as was done previously in [23] ). As such, α2+/+ mice were compared to either α2+/ − or α2−/−. However, the data for some comparisons did not meet the standards required to perform 2-way ANOVA's (normal distribution and variability). While in some cases these issues could be corrected by transforming the data, this was not always possible (NSFT comparisons between α2+/+ and α2−/− mice-FLX measurements and FST/TST latency comparisons between α2+/+ and α2+/− mice-DMI and FLX) even after data transformation. Only the comparisons that met criteria and could be tested are reported.
Novelty suppressed feeding test
Mice were food (but not water) deprived for 24 h prior to testing. On the day of testing, mice were placed into a clear plexiglass open field arena (42 cm x 42 cm x 31 cm) illuminated to 100 lx. A thin layer of clean bedding was placed on the bottom of the arena before each trial. A food pellet was placed on an inverted petri dish at the center of the chamber, and latencies to bite and to sit and eat the pellet were assessed. Mice were removed from the testing chamber once they began eating, or after a duration of 6 min. Following the testing trial, the mouse was returned to their home cage where consumption of a preweighed food pellet was monitored for five minutes. Any mouse that did not eat in their home cage was excluded from data analysis.
Forced swim test
Mice were placed in a clear plastic cylinder (diameter 20 cm) filled with roughly 18 cm of 24-27°C water and behavior was recorded (Sony Handycam DCR DVD108, Sony Electronics) over the course of a 6-min trial. Following the trial, mice were placed in a clean cage filled with paper towels under a heat lamp to warm up and dry off prior to returning to their home cage. Despair-like behavior was manually scored by two different observers using J Watcher [26] , and latency to first immobility and percent time spent immobile over the course of the entire 6-min trial were assessed (the times reported by the two observers were averaged for each data point). Immobility was defined as lack of movement, or only those motions necessary to remain afloat.
Tail suspension test
As a second test of behavioral despair, mice were suspended individually by their tails and behavior was recorded during a 6-min trial (Sony Handycam DCR DVD108, Sony Electronics). Latency to first immobility and percent time spent immobile over the course of the testing period were monitored and manually scored by two different observers using J Watcher [26] , with average times between the two observers being reported. Immobility was defined as a lack of movement during suspension.
Familiar open field
Mice were habituated to a clear plexiglass open field arena (42 cm x 42 cm x 31 cm) for 30 min under red light conditions. 24 h later, mice were brought back into the same testing room under the same lighting conditions for an additional 30-min trial in the now familiar arena that was recorded using Ethovision XT (Noldus Information Technology, Netherlands). Drug-and genotype-induced changes in mobility were assessed by measuring the total distance traveled (cm) during the first 6 min to correspond to the FST and TST trial length.
Confirmation of circulating drug levels
To confirm that the drug doses selected and method of administration (chronic oral administration) led to circulating drug levels that are within the therapeutic range, subsets of mice (from all genotypes) were treated with DMI (53 mg/kg) or FLX (4 or 8 mg/kg) for 28 days. Following drug administration, trunk blood was collected with a capillary tube following cervical dislocation. Serum was collected following centrifugation (20 min at 4°C), and plasma DMI and FLX levels were detected by HPLC (Analytical Psychopharmacology Laboratory, Nathan Kline Institute, Orangeburg, NY).
Statistics
Statistical analysis was performed using SigmaPlot version 11 (Systat Inc., San Jose, CA). Statistical significance was evaluated using a 95% confidence interval. In all experiments, overall variance was tested using a two-way (genotype x drug) analysis of variance (ANOVA). The effects of FLX and DMI treatment on behavior were examined separately. When statistical significance was detected, Tukey's HSD was used for post-hoc analysis. NSFT latency to bite (cube root), DMI NSFT latency to sit and eat (square root), FST latency (cube root), and FST/ TST percent immobility (square root) data were transformed prior to statistical analysis to correct for skews in the distribution and variance associated with behavioral tasks of this nature. In the case of TST latency, the data did not meet normal distribution despite transformation. As such, planned comparisons were performed within genotype groups to examine drug effects using the appropriate non-parametric test (FLX: Kruskal-Wallis one-way ANOVA based on ranks, DMI: Mann-Whitney Rank Sum Test). Data are graphically expressed as the raw non-transformed means ± the standard error of the mean (SEM).
Results
Effects of chronic desipramine and fluoxetine on anxiety-like behavior
Although the NSFT is a measure of anxiety it is considered to have predictive validity for antidepressant drug screening, as this conflictbased task is sensitive to chronic (but not acute) treatment with monoamine-based antidepressants [27] . As significant increases in anxiety-like behavior were previously reported in α2+/− but not α2−/ − mice as compared to α2+/+ mice in the NSFT [23] , only α2+/+ and α2+/− mice were analyzed (see Methods 2.3 for further explanation). While the previously reported genotype effect was not detected in the current studies, clear drug effects were observed. There was a main effect of chronic DMI treatment, where DMI significantly decreased latency to bite ( Fig. 1A ; main effect F 1,53 = 10.302, p = 0.002) and to sit and eat ( Fig. 1B ; main effect F 1,52 = 14.389, p < 0.001) the pellet in both α2+/+ and α2+/− mice. These findings suggest that chronic DMI treatment has an anxiolytic-like effect, which is not altered by α2KO. It is important to note that chronic DMI treatment also increased home cage food consumption in both α2+/+ and α2+/− mice (Supplementary Fig. 1A ; main effect F 1,52 = 7.225, p = 0.01), and this increase in eating may have enhanced the drug-induced decreases in latencies that we observed in the testing chamber. A significant drug x genotype interaction was observed in the latency to bite the pellet following chronic FLX treatment ( Fig. 1C ; interaction F 1,86 = 3.679, p = 0.029). Post-hoc analysis revealed that α2+/− mice treated with FLX (4 mg/kg p < 0.001, 8 mg/ kg p < 0.05) took significantly longer to bite the pellet as compared to type, α2+/− = heterozygous α2 knockout. Vehicle α2+/+ n = 13, α2+/− n = 21; FLX 4 mg/kg α2+/+ n = 10, α2+/− n = 21; FLX 8 mg/kg α2+/+ n = 11, α2+/− n = 16; DMI α2+/+ n = 13, α2+/− n = 10.
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vehicle treated α2+/− mice as well as 4 mg/kg FLX treated α2+/+ mice (p < 0.05). FLX had no effect on latency to bite the pellet in α2+/+ mice. Additionally, a main effect of drug was detected in the latency to sit and eat the pellet following chronic FLX treatment (Fig. 1D , main effect F 1,85 = 7.680, p < 0.001), where the 4 mg/kg dose increased latency to eat in α2+/− mice and the 8 mg/kg dose increased latency in α2+/+ and α2+/− mice. These findings suggest that chronic FLX treatment at a dose of 8 mg/kg has an anxiogenic-like effect in both α2+/+ and α2+/− mice. Moreover, the heterozygous α2KO appears to increase sensitivity to the anxiogenic-like effects of FLX as only α2+/− mice exhibit increased latencies in response to chronic FLX treatment at the lower dose of 4 mg/kg. Chronic FLX treatment did not influence the amount of food consumed within the home cage ( Supplementary Fig. 1B ).
Effects of chronic desipramine and fluoxetine on despair-like behavior
As greater differences in despair-like behavior were previously reported in α2−/− mice as compared to α2+/+ mice [23] , only α2+/ + and α2−/− mice were analyzed in the FST and TST (see Methods 2.3 for further explanation).
Forced swim test
In mice chronically treated with DMI, there were main effects of genotype (main effect F 1,71 = 8.660, p = 0.004) and drug (main effect F 1,71 = 11.458, p = 0.001) on latency to immobility. In line with our previously reported findings [23] , α2−/− mice had significantly shorter latencies as compared to α2+/+ mice. Chronic DMI treatment significantly increased latency to immobility in both α2+/+ and α2−/− mice as compared to vehicle treated mice of both genotypes ( Fig. 2A) . However, only a main effect of genotype (main effect (Fig. 2B) . Taken together, these results suggest that the antidepressant-like effects of chronic DMI treatment are not altered by α2KO as assessed by certain measurements in the FST.
In mice chronically treated with FLX, there was a main effect of genotype (main effect F 1,97 = 14.738, p < 0.001) but not drug (F 2,97 = 0.480, p = 0.620) on latency to immobility. While α2−/− mice had shorter latencies as compared to α2+/+ mice, chronic FLX (4 and 8 mg/kg) treatment did not affect latency to immobility in either genotype (Fig. 2C) . However, a significant drug x genotype interaction was detected in the percent time immobile measurement (interaction F 2,97 = 3.185, p = 0.046). Post-hoc analysis revealed that FLX (4 mg/ kg) treated α2−/− mice spent significantly more time immobile (38.69 ± 6.41 s) as compared to FLX (4 mg/kg) treated α2+/+ mice (12.93 ± 4.06 s, p < 0.001) and vehicle treated α2−/− mice (21.84 ± 4.03 s, p < 0.05) (Fig. 2D) . Fluoxetine treatment had no effect on percent time spent immobile in α2+/+ mice (vehicle: 12.68 ± 2.97 s, FLX 4 mg/kg: 12.93 ± 4.06 s, FLX 8 mg/kg: 30.19 ± 10.24 s). Such findings are in line with our NSFT results, suggesting that α2KO increases sensitivity to the prodepressant-like effects of FLX as the lower 4 mg/kg dose significantly increased immobility in α2−/− but not α2+/+ mice.
Tail suspension test
In the TST, the latency data did not meet the normal distribution and equal variance requirements necessary to conduct 2-way ANOVA analyses. Because of this, planned comparisons were carried out within genotype groups to examine the potential antidepressant-like effects of chronic FLX and DMI treatment for this measurement using the appropriate non-parametric statistical test (see Methods 2.6).
DMI treatment had an antidepressant-like effect in the TST, significantly increasing the latency to immobility in α2−/− mice as compared to vehicle treated α2−/− mice (p = 0.005, Fig. 3A ) while DMI treatment had no effect on latency in α2+/+ mice (p = 0.336). Similar to the FST, DMI treatment did not alter time spent immobile in the TST in either genotype (α2+/+ veh 48.71 ± 9.15 s, α2+/+ DMI 47.07 ± 10.12 s; α2−/− veh 64.88 ± 6.48 s, α2−/− DMI 41.98 ± 9.48 s; Fig. 3B ) further demonstrating that the antidepressant-like effects of chronic DMI treatment are not altered by α2KO in certain measurements of behavioral despair.
Conversely, while chronic FLX did not significantly alter latency to immobility in α2+/+ (p = 0.782) or α2−/− (p = 0.216) mice as compared to vehicle treated mice of the same genotype (Fig. 3C) , a main effect of drug (main effect F 2,97 = 6.551, p = 0.002) was observed in the percent time immobile measurement. Post-hoc comparisons revealed a pro-depressant-like effect of FLX 8 mg/kg (α2+/+ 87.63 ± 8.28 s and α2−/− 83.09 ± 11.17 s) as compared to vehicle (α2+/+ 48.71 ± 9.15 s and α2−/− 64.88 ± 6.48 s) and FLX 4 mg/kg (α2+/+ 39.27 ± 9.91 and α2−/− 70.28 ± 7.99 s, Fig. 3D ) treated mice. While not significant, a strong trend towards a main effect of genotype was also observed in the percent time spent immobile measurement (main effect F 1,97 = 3.620, p = 0.06). 
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3.3. Effects of chronic desipramine and fluoxetine treatment on general behavior
Locomotion
As the FST and TST use immobility as a measurement to assess despair-like behavior, these tests can be confounded by changes in motor activity. Thus, animals were run in a familiar open field and total distance traveled was examined during the first 6 min of the session to measure any drug-and genotype-induced changes in baseline activity.
In the familiar open field, a measurement of locomotor activity and not anxiety, a main effect of drug was observed following chronic DMI (main effect F 1,64 = 11.564, p = 0.001) treatment. Post-hoc analysis revealed that DMI treatment significantly reduced mobility as compared to vehicle treated mice (Fig. 4A) . The observed decrease in locomotor activity following DMI treatment in the familiar open field does not confound the antidepressant-like effects of DMI observed in the FST and TST, as if anything, decreased locomotion should lead to reduced mobility in the FST and TST (i.e., the opposite of the antidepressant-like effects we observe following DMI treatment in these tests). A significant drug x genotype interaction was observed following chronic FLX treatment (interaction F 1,70 = 3.463, p = 0.037). FLX treatment (4 and 8 mg/kg) increased the total distance traveled in α2−/− as compared to vehicle treated α2−/− (Fig. 4B) . FLX treatment had no effect on distance traveled in α2+/+ mice. However, our experiments showed no effect or a prodepressant-like effect of FLX in the FST and TST in α2+/+ and α2−/− mice, which corresponds to reduced mobility. Thus, again, the effects observed following chronic FLX treatment in tests of behavioral despair do not seem to result from nonspecific changes in locomotor activity.
Liquid consumption
Liquid consumption was monitored throughout the course of the studies to ensure that animals were receiving the proper dose, and to identify leaky bottles. Addition of drug to the drinking water did not alter daily liquid intake, as no differences were detected in average daily liquid consumption (normalized to the number of mice in each cage) across the four drug treatment groups (Supplementary Fig. 2 ). Genotype differences in liquid intake could not be determined, as mice were group housed in mixed genotypes to avoid the stress of single housing.
Plasma levels of desipramine and fluoxetine/norfluoxetine are within the therapeutic range
Serum DMI and FLX levels were assessed following 28 days of drug treatment (DMI 53 mg/kg, FLX 4 mg/kg and 8 mg/kg) in the drinking water (Fig. 5) . Serum DMI levels were within the therapeutic range of 37-163 ng/mL [28] following chronic drug treatment (Fig. 5A) . Average levels of DMI were slightly lower in α2−/− mice as compared to α2+/+ and α2+/− mice (Table 1) . However, drug-induced anxiolytic and anti-depressant-like effects were detected in all three Overall distance traveled following chronic vehicle or (A) DMI (53 mg/kg) or (B) FLX (4 and 8 mg/kg) treatment. FLX = fluoxetine, DMI = desipramine, α2+/ + = wild type, α2−/− = homozygous α2 knockout. *** p < 0.001. * = within genotype difference^p < 0.01.^= main effect of drug. Vehicle α2+/+ n = 15, α2−/− n = 22; FLX 4 mg/ kg α2+/+ n = 7, α2−/− n = 11; FLX 8 mg/kg α2+/+ n = 10, α2−/− n = 11. DMI α2+/+ n = 13, α2−/− n = 18.
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genotypes. Additionally, levels of the metabolite 2-hydroxy DMI did not differ between the three genotypes. Thus, we attribute the variation in DMI plasma levels to the low group size, rather than a difference in the metabolism of DMI between genotypes. Similar to previous reports [25, 29] , a disproportionate increase in plasma FLX was detected following chronic treatment with FLX 8 mg/kg as compared to FLX 4 mg/ kg treatment (Fig. 5B) . Norfluoxetine (the major active metabolite of FLX) levels did not increase at a disproportionate rate between doses (Fig. 5B) . Importantly, the combined FLX and norfluoxetine plasma levels detected following chronic FLX 4 mg/kg and 8 mg/kg treatment were within the therapeutic range of 100-700 ng/mL [25] . Average plasma FLX 4 mg/kg levels did not differ between genotypes (Table 1) , although levels of the active metabolite norfluoxetine were lower in α2+/− mice as compared to α2+/+ and α2−/− mice. Average plasma FLX 8 mg/kg and norfluoxetine levels were also lower in α2+/ − mice as compared to α2−/− (Table 1) . Despite the lower plasma FLX levels in α2+/− mice, anxiogenic-like effects were observed. Thus, as with DMI treatment, variations in FLX plasma levels are attribute to low group size.
Discussion
To determine whether deficits in α2-containing GABA A Rs impact the antidepressant-like action of serotonin (FLX) and noradrenaline (DMI) selective reuptake inhibitors, we examined the effects of chronic drug treatment on anxiety-and despair-like behaviors in global α2KO mice. Our findings indicate that chronic DMI, but not FLX, treatment has an anxiolytic-and antidepressant-like effect in α2+/+ and α2KO (α2+/− and α2−/−) mice. Surprisingly, FLX treatment was not only ineffective, but also increased anxiety-and despair-like behavior in certain measurements. Such effects were observed at lower doses of FLX (4 mg/kg) in α2+/− and α2−/− mice as compared to α2+/+ mice (8 mg/kg), suggestive of an increased sensitivity to the anxiogenic and pro-depressive-like effects of chronic FLX treatment in the absence of α2-containing GABA A Rs.
The mechanism by which α2KO contributes to the depressive-like behaviors reported previously [23] and the altered response to chronic FLX treatment are not known. It is possible that a reduction in the number of α2-containing GABA A Rs directly alters these behaviors, as the α2 subunit gene is expressed at high levels in regions of the brain associated with depression including the nucleus accumbens, amygdala, and hippocampus [12] . Thus, a higher expression level of α2 or signaling through α2-containing GABA A Rs could potentially have an antidepressant effect. In support of this theory, eszopiclone, a GABA A R positive allosteric modulator with postulated selectivity for α2-and α3-containing GABA A Rs [30] , when given in combination with FLX has a synergistic effect in alleviating symptoms in patients suffering from depression and insomnia [31] . However, it is also possible that alterations in α2 subunit expression may contribute to alterations in general inhibition through compensatory changes in receptor composition, location, or function. Conditional knockdown studies have demonstrated that α2-containing GABA A Rs are required for the normal development of adult born granule cells in the olfactory bulb [32] . Thus, it is possible that global decreases in α2-containing GABA A Rs may also alter cellular plasticity, which has been shown to be impaired in response to stress, a critical mediator in the development of depression (for review of pertinent studies see [33] ) and enhanced with chronic antidepressant treatment [34] . Future studies could further examine these two potential mechanisms.
One of the drawbacks to preclinical tests such as the FST and TST is that antidepressant-like effects are not always detected using the same drug dose in different strains of mice [25] . As such, the current studies were carried out in the same substrain of mice (129×1/SvJ) as was previously used by others to examine the role of γ2-containing G-ABA A Rs in depression and its treatment. Reductions in γ2 subunit expression lead to anxious and depressive-like behaviors as well as an antidepressant-like response to chronic DMI but not FLX treatment [18] . Based on these findings it was suggested that γ2+/− mice serve as a model for melancholic depression, a form of depression where patients exhibit anxious depression that is frequently treatment resistant or more effectively treated with tricyclic antidepressants as compared to SSRIs [8, 18] . We previously reported that global knockdown of the α2 subunit gene also leads to anxious and depressive-like 
Table 1
Average plasma levels of desipramine and fluoxetine and their respective metabolites 2-hydroxy desipramine and norfluoxetine following chronic oral administration, summary of three genotypes. Average plasma concentrations of desipramine and fluoxetine/norfluoxetine between genotypes (while somewhat variable) are all within the therapeutic range (DMI: 37-163 ng/mL, FLX/NORFLX: 100-700 ng/mL). Despite the variability in FLX levels across genotypes with the 4 mg/kg dose, behavioral effects (anxiogenic-and prodepressant-like) were observed in both α2+/− and α2−/− mice suggesting that this variability is due to the low numbers per group and not a difference in drug absorption and metabolism. 66 ng/mL 53 ng/mL (n = 2) 216 ng/mL 189 ng/mL (n = 1) α2−/− 63 ng/mL 8 ng/mL (n = 1) 60.5 ng/mL 162.5 ng/mL (n = 4) 321 ng/mL 287 ng/mL (n = 3)
behaviors [23, 24] . Taken together with our current findings that chronic DMI, but not FLX, treatment has anxiolytic-and antidepressantlike effects in α2KO mice, we posit that α2 knockdown may also have predictive validity in modeling SSRI-resistant depression. SSRI treatment has been associated with a worsening of depression symptoms and an increased risk of suicide [35] . In one clinical study, patients were three times as likely to attempt suicide after 10-29 days of SSRI treatment (mice were treated for a similar length of time before behavioral assessment in the current studies) as compared to patients who had been on antidepressants for over 90 days [36] . As such the FDA issued a public health advisory in 2004, recommending close observation of adult and pediatric patients prescribed SSRIs [35] . In addition, 30-40% of patients do not show a significant therapeutic response to SSRIs even after prolonged treatment [37] . However, SSRIs are still frequently prescribed as many depressed patients do respond well to this class of antidepressants. The variation in patient response to SSRI treatment is a public health concern, and not well understood. One theory that has been developed is the undirected susceptibility to change hypothesis, which posits that chronic SSRI treatment enhances neuronal plasticity in turn enhancing a patient's response to their environment (either favorable or stressful) [38] . In support of this, chronic FLX treatment was shown to have an antidepressant-like effect in mice raised in an enriched environment, while the same dose had a prodepressant-like effect in mice raised in a stressful environment [38] . Alterations in the human α2 subunit gene (GABRA2) have also been shown to influence responses to the environment, as subjects with polymorphisms in GABRA2 that experienced childhood trauma were reported to be at a greater risk for PTSD in adulthood [39] . Thus, it is feasible that decreases in α2 expression in combination with the mild stress associated with the behavioral tasks performed in the current studies contributed to the anxiogenic and pro-depressant-like response to chronic FLX (4 mg/kg) treatment that we observed in α2KO mice but not α2+/+ mice. However, additional studies beyond the scope of the current manuscript are needed to better understand this potential gene x environment interaction.
Previous research in our laboratory demonstrated that global α2KO mice exhibit anxiety-and depressive-like behavior in preclinical conflict and despair-based tasks [23, 24] . Due to the variability associated with these behavioral tests, and the greater number of comparisons being made in the current studies (drug x genotype, rather than just genotype), significant genotype effects were not detected in all measurements. However, in most cases where significance was not detected, strong trends were observed. It is also possible that handling during the 4 weeks of chronic drug treatment, which was necessary to monitor potential drug-induced changes in body weight as requested by IACUC, may have contributed to greater variability than was previously observed in certain measured behaviors (as well as the drug-induced changes in locomotor activity reported). Furthermore, certain measurements that were examined previously (such as immobility in the first two minutes of the FST) were not feasible in the current studies (most animals-across all drug treatment and genotype groups-did not exhibit immobility within this early time point). Despite these confounds, clear behavioral effects of chronic DMI and FLX treatment could still be detected in α2+/+ and α2KO mice.
It is important to note that drug effects were detected in α2+/+ mice in only some of our studies. DMI had anxiolytic-(NSFT both measurements) and antidepressant-like (FST latency) effects on α2+/ + mice while only the higher dose of FLX-8 mg/kg (a dose which was not examined in anxiety-and depression-related studies with γ2+/− mice raised on the same inbred mouse strain (129×1/SvJ) [18] ) had an anxiogenic-(latency to sit and eat) and prodepressant-like (TST percent time immobile) effect in α2+/+ mice. A higher dose of 16 mg/kg FLX was also piloted, but this dose was not tolerated in mice from the 129×1/SvJ strain in our hands. Importantly, limited behavioral effects were also reported following chronic drug treatment in wild-type mice in the γ2+/− studies [18] . However, a direct comparison between the γ2+/− studies and our own cannot be made as the γ2+/− studies were conducted in female mice while the current studies were conducted in males. In our previous studies with α2+/− and α2−/− mice, anxiety-and depression-related phenotypes were only detected in males or were stronger in males than in females [23 and unpublished results] . Interestingly, prodepressive-like effects have been reported following higher doses of FLX (14 and 22 mg/kg) in C57BL/6J mice [25, 40] suggesting that the 129×1/SvJ line of mice may be more sensitive to FLX as anxiogenic-and prodepressive-like effects were observed with the 8 mg/kg dose in all genotypes while reduced α2 expression enhances this sensitivity as only α2KO mice responded to the lowest 4 mg/kg dose.
Conclusion
Results from our studies support and extend beyond previous findings by others demonstrating that deficits in GABA A R function impact conflict and despair-based tasks and the behavioral response to FLX treatment in these tasks [18] . At a lower concentration of FLX and its active metabolite norfluoxetine (that is in the therapeutic range), we observed anxiogenic-and depressive-like actions in α2KO mice, but not in α2+/+ mice, suggesting that in 129×1/SvJ mice a decrease in α2-containing GABA A Rs promotes an increased sensitivity to the prodepressant-like effects of chronic FLX treatment. Therefore, it is interesting to speculate that treatment resistance or a negative response to SSRIs observed in some patients may be due in part to a decrease in GABRA2 expression. If this is the case, screening patients for GABRA2 levels (or single nucleotide polymorphisms, which may be markers of decreased expression) prior to the start of AD treatment may help to identify a population of patients that are unlikely to respond favorably to SSRI treatment.
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